growth cone, the actin, and the microtubule cytoskeleton and the proteins to which they bind directly. There are several aspects of cytoskeletal signaling which, due Recent studies indicate the actin and microtubule cytoskeletons are a final common target of many signalto the scope of this piece, we will not emphasize. First, there has been much effort to elucidate the signaling ing cascades that influence the developing neuron. Regulation of polymer dynamics and transport are crucascades downstream of specific axon guidance receptors, and especially prominent in these studies is the cial for the proper growth cone motility. This review addresses how actin filaments, microtubules, and importance of Rho GTPases, which are known to play an important role in axon outgrowth and pathfinding their associated proteins play crucial roles in growth cone motility, axon outgrowth, and guidance. We presin vivo and in culture. This work has been thoroughly covered in a number of recent reviews and so will not ent a working model for cytoskeletal regulation of directed axon outgrowth. An important goal for the fu- ; these topics will also not be discussed in detail here. By focusdescribed the growth cone from his fixed specimens as "a concentration of protoplasm of conical form, ening on the cytoskeleton in relation to axon outgrowth and guidance, we hope to provide a framework for those dowed with amoeboid movements." However, it wasn't until 1907 that Harrison, using newly devised tissue culstudying guidance cues, their receptors, and downstream signaling cascades in their efforts to connect ture techniques in conjunction with long-term timelapse observation, provided definitive proof that the these pathways to the molecules that ultimately control morphological and mechanical responses of neurons to growth cone was indeed a motile structure. In doing so he demonstrated unambiguously that axons extended their environment. Throughout this review we will refer to several morfrom a single neuronal cell body, rather than from a merging of cells into the elongated cylindrical shape of phological features of the growth cone. Starting at the distal extent of the growth cone, filopodia or microspikes the mature neuron (Harrison, 1907) and the C domain, composed of thicker regions invested In this review, we focus in particular on the cytoskeleby organelles and vesicles of varying sizes. Generally, tal dynamics of actin and microtubules in neurons that growth cones from all species examined to date contain have been studied in culture. The high-resolution optical filopodia and lamellipodia, as well as P, T, and C domethods available to image cultured neurons have permains, although the shapes and sizes of the domains mitted detailed study of cytoskeletal dynamics at a suband number of filopodia and lamellipodia vary dramaticellular level, which have been technically impossible cally. Before describing what is currently known about for the most part in neurons of living animals. Although growth cone cytoskeletal dynamics and how these dyclearly it will be important to expand these studies into namic structures play an essential role in motility and the complex three-dimensional environment of the orguidance, it is necessary to delineate the morphological changes that occur as a growth cone is converted into a stable axon shaft. , 1987). However, in vivo outgrowth exhibited retrograde flow of material from the peripheral to the central region and into the axon shaft itself. Imporis not random, but directed to specific postsynaptic targets. We propose that the difference between rantantly, they also demonstrated that the growth cone undergoes a systematic maturation that is continuously dom or induced outgrowth in culture and directed outgrowth in vivo is likely to be that gradients of guidance repeated during elaboration of the axon. This maturation process consists of the following series of events: filocues bias one side of the growth cone to progress through these stages toward (by an attractant) or away podia and lamellipodia form at the leading edge of the growth cone, followed by flow of the filopodia around from (by a repellent) the guidance cue more rapidly than the other side of the growth cone. Thus, axon guidance the lateral aspects of the growth cone and subsequent retraction of filopodia at the base of the growth cone.
Figure 2. Stages of Axon and Branch Growth
Three stages of axon outgrowth have been termed protrusion, engorgement, and consolidation (Goldberg and Burmeister, 1986). Protrusion occurs by the rapid extensions of filopodia and thin lamellar protrusions, often between filopodia. These extensions are primarily composed of bundled and mesh-like F-actin networks. Engorgement occurs when microtubules invade protrusions bringing membranous vesicles and organelles (mitochondria, endoplasmic reticulum). Consolidation occurs when the majority of F-actin depolymerizes in the neck of the growth cone, allowing the membrane to shrink around the bundle of microtubules, forming a cylindrical axon shaft. This process also occurs during the formation of collateral branches off the growth cone or axon shaft. cytochalasin B (CB), which at high concentrations reMTs did not immediately affect the filopodia but eventually resulted in retraction of the axons (Yamada et al., sults in F-actin depolymerization, and colchicine, which at high concentrations causes MT depolymerization. Ex-1971) . From these studies it can be concluded that F-actin is the primary cytoskeletal element that mainposure to CB induced retraction of growth cone filopodia, which made the growth cone adopt a club-like tains the growth cone shape and is essential for proper axon guidance, whereas MTs are essential for giving appearance and resulted in cessation of axon outgrowth. However, subsequent experiments in dissocithe axon structure and serve an important function in axon elongation. Actin filaments in vitro are capable of adding and removing ATP-actin and ADP-actin from both the barbed and pointed ends. However, the equilibrium constant for ATP dissociation is greater at the pointed end. Consequently, at steady-state, actin filaments devoid of actinassociated proteins undergo slow treadmilling through the addition of ATP-actin to the barbed end and release of ADP-actin from the pointed end (Pollard and Borisy, 2003). Actin filaments also exhibit aging, in which ATP-actin is hydrolyzed rapidly to ADP-pi-actin, followed by a slow dissociation of the ␥-phosphate, giving ADP-actin. Microtubules are also polarized structures with ␣/GTP-␤-tubulin dimers adding to the plus or growing end and ␣/GDP-␤-tubulin dimers dissociating from the minus end. Microtubules also contain an internal mechanism of GTP hydrolysis that occurs rapidly, giving a "GTP-cap" to the polymers. They also exhibit posttranslational modifications (detyrosination shown here) that correlate with the age of the polymer. Tennyson, 1970) , but not during the initial axon outgrowth of hippocampal (Shaw et al., 1985) and corticoncluded that MTs suppress actin polymerization in the axon shaft, which maintains the axon in a cylindrical cal (E.W.D., unpublished data) neurons in culture. Transgenic mice lacking axonal neurofilaments are viable, form. Another group, using EM after stabilization of the cytoskeleton, documented that MTs oftentimes abut or with few abnormalities in their neural connections (Eyer and Peterson, 1994). Furthermore, Drosophila develop run parallel to F-actin bundles in peripheral regions of the growth cone (Letourneau, 1983). Thus, we have fully functional nervous systems without neurofilaments. Although neurofilaments are clearly an important cyknown for more than twenty years that there is likely to be a dynamic interplay between cytoskeletal elements. toskeletal component during development of the vertebrate nervous system (Lin and Szaro, 1995), their funcTo understand this interplay, it is necessary to identify what cytoskeletal components are present in growth tion in growth cone motility and axon guidance is unknown. Therefore, this review will focus on actin filacones and what higher-order forms they take. ments and microtubules.
quiescent axon shaft (Bray et al., 1978). The authors 1981;

Actin Filaments The Growth Cone Cytoskeleton Is Composed of Polarized Polymers
Actin filaments are helical polymers composed of actin monomers, often referred to as globular actin (G-actin) The two principle cytoskeletal components in growth cones are actin filaments and microtubules (Figure 3) . (Figure 3 , 1998 ). These ␣␤-tubulin in growth cones is homogeneous, composed of either ␤-actin or ␥-actin, or heterogeneous, containing both heterodimers are arranged in a linear array of alternating ␣-and ␤-tubulin subunits, which forms a protofilament ␤-actin and ␥-actin.
Globular actin can exist as ATP-actin, ADP-pi-actin, (Figure 3 ). Between 11 and 15 protofilaments constitute the wall of the microtubule (usually 13 in mammalian and ADP-actin (Figure 3) . Although ATP-and ADP-actin can associate and dissociate from both barbed and cells), giving rise to a tubular structure approximately 25 nm in diameter (Luduena, 1998). Because these ␣␤ pointed ends in vitro, ADP-actin dissociation from the pointed ends is kinetically favored (Pollard and Borisy, dimers are arranged in a head-to-tail configuration, the MT is inherently polarized, with one end termed the 2003). This results in slow addition of monomers at the barbed end and slow dissociation of monomers at "plus" end and the other the "minus" end. In most cells the plus end of the MT grows and shrinks, while the the pointed end. In growth cones, the barbed end of the actin filament generally faces the distal membrane and minus end of the MT is inherently unstable and shrinks unless it is stabilized, presumably by minus end capping the pointed end faces the T region. Actin is also modified as it "ages." G-actin polymerizes onto actin filaments proteins. Neuronal MTs can be extremely stable and long lived (Li and Black, 1996). Therefore, nervous sysas ATP-actin and is hydrolyzed first to ADP-p i -actin and then finally into ADP-actin upon phosphate release. Intem tissue is likely to be an excellent source of MT minus end capping proteins. terestingly, several actin-associated proteins have been found to bind preferentially to these different forms of Any MT present in a neuron is likely to be a heterogeneous polymer composed of several combinations of actin (Gungabissoon and Bamburg, 2003).
In growth cones, F-actin content is highest in the P ␣/␤ dimer isotypes. However, the actual isotypic makeup of individual MTs in neurons is not known. Nevertheless, and T regions of the growth cone and diminishes to varying levels in the C region of the growth cone ( (Table 1 ). We will refer ciated proteins and by their intrinsic properties. In neuto these proteins throughout the text as actin binding rons, microtubules generally assume a plus end distal proteins (ABPs). It is beyond the scope of this review distribution in the axon and a mixed polarity distribution, to discuss in detail how each of these proteins is thought with both plus and minus end distal MTs in dendrites to function. Furthermore, most of the functional studies (Baas et al., 1989). The plus ends of MTs exhibit a propof these proteins have been done in nonneuronal cells erty termed dynamic instability, where they cycle and may not always translate directly to neurons. Later through periods of growth and shrinkage, punctuated in the review we will discuss how some of these proteins by occasional pauses (Mitchison and Kirschner, 1984). may function in axon guidance.
The transition from growth to shrinkage is termed catasGenerally, ABPs can be divided into several categotrophe, and the transition from shrinkage to growth is ries based upon their function. These categories include termed rescue (Figure 3) . One consequence of this intrinproteins that (1) bind and/or sequester actin monomers, sic dynamic instability of MTs is that they are capable (2) nucleate actin filaments, (3) cap the barbed or (4) of efficiently probing the intracellular space (Holy and pointed ends of actin filaments, (5) 
2002). tions of these ABPs indicates that actin filaments are
In these studies Forscher and colleagues used large probably always well decorated and almost certainly paused growth cones from Aplysia, which are particunever exist in the "naked" state shown in the cartoon larly advantageous for imaging cytoskeletal dynamics in Figure 3 . due to their large size and very slow growth rates. In Although most of the proteins listed in Table 1 have the future it will be important to demonstrate directly how MT dynamics change as growth cones turn toward been localized to the growth cone by immunocytochem- Currently, the exact nature of the myosin motor(s) that drive retrograde flow remain somewhat controversial. One group, using microchromaphore-assisted laser inPolymer Transport In addition to polymer dynamics, F-actin and MTs also activation (micro-CALI) on chick dorsal root ganglion growth cones, showed that inhibition of myosin Ic undergo directed movement through the cytoplasm as and MBPs found to be instrumental in fibroblast polarization exist in neurons as well (Tables 1 and 2 ). Thus, A Model for Cytoskeletal Regulation of Axon it is likely that microtubules will be found to interact Outgrowth and Guidance transiently with cortical structures in the growth cone, As mentioned above, we have considered axon guidwhich may allow localized insertion of membrane and ance as the process of favored axon outgrowth toward signaling proteins essential for growth in a preferred or away from a particular region. Thus, axon guidance direction (Zakharenko and Popov, 1998) . Nevertheless, can be thought of as a process of biasing the extension/ this process of transient MT capture is unlikely to be retraction of one side of the growth cone or axon shaft, sufficient for directed growth to continue. If so, there as in the case of collateral branching, compared to the should be some mechanism operating in tandem that other side (reviewed in Tanaka These newly formed protrusions must then be stabiance, then there must be an intrinsic mechanism for this to occur. As noted in Table 2 , there are many microtubule lized against retraction. Any number of F-actin bundling/ stabilizing proteins are likely to be essential for the constabilizing/destabilizing proteins found in growth cones. Furthermore, neurons are one of the few cell types that tinued protrusion of filopodia and lamellipodia (Table 1) tions, we believe they are likely to be a continuum, rather than truly distinct processes. Nevertheless, to substanti- 
